Abstract. Storms are one of the most important phenomena producing coastal hazards and endangering human life and activities. In recent decades storm climate has become a subject of increased public awareness and knowledge of this issue can help the society to meet future challenges related to extreme storm manifestation. Therefore, the goal of this study is to assess trends in past and recent storminess in the western Black Sea. The analysis of storm climate is based on a continuous hindcast dataset covering a substantial historical time-span of 63 yr . It was used to create a storm population and to estimate properties describing storminess (proxies). This was done by introduction of criteria allowing separation of events with low probability of occurrence and at the same time keeping the information on their pattern, i.e. properties of storm phases. Eleven storminess proxies were analysed and the most indicative appeared to be storm duration; integral, mean and specific storm wave energy; and wind velocity and direction, which were obtained for each storm season.
Introduction
Severe storms and heavy seas represent major hazards for navigation and offshore activities. Equally, coasts have always been vulnerable to storms that can affect adversely the population and shore based industries, destroy coastal defense, inland property and infrastructure, and most importantly can damage the coastal environment.
In the last decades, coastal regions have undergone dynamic environmental and socio-economical changes. It has been estimated that 23 % of the world's population lives both within 100 km distance of the coast and less than 100 m above the sea level, and population density in the coastal regions are about three times higher than the global average (Nicholls et al., 2007) . As for the Bulgarian coast, 9 % of population inhabits coastal areas (Balev, 2002) . Moreover, according to the latest census in Bulgaria the population in the largest coastal cities Varna and Burgas had increased for the past 10 yr with 7 % and 4.1 %, respectively; although the total population growth of the nation is negative −6.8 % (NSI, 2011) .
Due to storm impact on the coastal environment in general and on socio-economics in particular, storm climate has become a subject of increased public interest. The knowledge of trends in storminess is supposed to increase the preparedness of population and authorities to meet the impact of possible extreme events in the future by improving adaptation and mitigation strategies. This motivation led us to study the changes in occurrence and magnitude of marine storms in the western Black Sea during the last 60 yr.
Starting from worldwide perspective, lots of efforts were dedicated to study long-term climatic trends of various meteorological and oceanic parameters in the past 20 yr. Some positive trends in wind wave height in various seas have been attributed to variability of the wind regime (e.g. Dolan et al., 1989) . Most of the studies refer to the northeast Atlantic and northeast Pacific Oceans. Some earlier investigations
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were based on either instrumental measurements (Carter and Draper, 1988; Bacon and Carter, 1991) or wave hindcast over periods of various rather short-term spans -from single storms (e.g. Cardone et al., 1996) to a couple of decades (Kushnir et al., 1997; Sterl et al., 1998) . Other studies consider longer records of homogeneous variables such as sea level pressure (Schmith, 1995) . They revealed a longterm stationarity in storm statistics during the last 100 yr, which, however, exhibit a significant decadal variability; as a minor worsening in storm climate is evident only during the last four decades of the 20th century.
Storms are usually associated with an approaching or developing cyclone. Examining the distinctive circulation patterns of storminess on the Atlantic margin of Europe, Lozano et al. (2004) used coastal meteorological data series from Ireland to Spain, covering time-span of about 60 yr. They studied climatology of the extratropical cyclones, in particular linking the cyclone history for the North Atlantic with storm frequency, intensity and tracking. Results indicate a seasonal shift in the wind climate, with regionally more severe winters and calmer summers established.
Assessment of historical wind and wave conditions covering a considerable time-span were published as long as the results of global atmospheric reanalysis projects became available in the second half of the 1990s. For instance, the European project WASA (Waves and Storms in the North Atlantic) was launched to explore assumption of a worsening storm and wave climate in the northeast Atlantic and its adjacent seas in the last century (WASA Group, 1998) . Its main conclusion is that storm and wave climate has undergone significant variations on time scales of decades, roughening in recent ones, but with seemingly decreasing intensity of storms that become comparable with that in the beginning of the period under consideration. Cox and Swail (2001) presented the first 40-yr global wave simulations derived from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis of surface wind fields. Their analysis showed well-defined areas of statistically significant increasing trend in the northeast Atlantic, and decreasing trend in the central North Atlantic for wind and waves. Later on, a global wave hindcast was produced within the ERA-40 reanalysis project as well (Sterl and Caires, 2005) .
Similar is the conclusion of a study on European storminess from late nineteenth century to the present (Matulla et al., 2008) , stating that although significant alteration on a quasi-decadal timescale was present in Europe's storm climate, most recent years are characterized by a return to average or even calm conditions. Climate estimates derived by voluntary observing ships data (e.g. Gulev et al., 2003) have added value to assessment of changing wind and wave conditions on a global scale. The overall conclusion suggests worsening of the ocean wave climate.
It is well known that dynamical modelling of the regional atmospheric and wave fields is an alternative to the use of spatially scattered and often inhomogeneous observations, and represent a step forward in understanding the coastal climate variations. An example is dynamical downscaling of the NCEP/NCAR global re-analysis to the European region performed by Feser et al. (2001) , which resulted in generation of a 40-yr dataset by means of the regional atmospheric model REMO. Two studies on the North Sea storminess are based on this dataset. Weisse et al. (2005) estimated long-term changes of near-surface winds whereas Weisse and Günther (2007) focused on extreme wave conditions. Both studies concluded that related storminess proxies had increased until about 1990-1995 and decreased afterwards. It is, however, unclear whether the downward trends in wave heights and storminess in general will continue within the forthcoming years, or a reinforcement of storm activity will occur.
Wind and wave climate of the Black Sea has been investigated more actively in the past 50 yr. Results of early research were published in several handbooks, monographs and atlases (e.g. Rzheplinkskij, 1969; Sorkina, 1974; Simonov and Altman, 1991) . However, presented statistical estimates were based on limited and irregular field data that resulted in a large uncertainty of obtained wind and wave regime. Later on, the international research project NATO TU-WAVE was launched with the aim to reconstruct the long-term extreme wind and wave climate of the Black Sea basin (Özhan and Abdalla, 1998) . Wave hindcast simulations covering periods of various lengths (from 8 to 20 yr) were carried out, employing different models and eventually a wave atlas was created (Özhan et al., 2003) .
There is an extensive amount of information on storms in the western Black Sea. Some fundamental aspects of statistical and spectral properties of wind waves, with examples referring to the study region, can be found in Davidan (1995) . Trifonov and Trifonova (1988) made a classification of typical synoptic situations resulting in severe storms. The classification was elaborated on the basis of meteorological and synoptic data covering the period 1973-1986, which is characterized by a number of heavy storms that took place in the western Black Sea. Belberov et al. (1992) investigated extreme wave conditions with intention to create an atlas. They adopted methodology employing meteorological stations' data to create a dataset of gridded wave fields. Later on, Cherneva et al. (2008) presented results on adaptation of WAM model forced with REMO wind fields for the Black Sea, however, with no reference to the past wave climate. Application of different wind forcing and resulting wave field's quality for the western Black Sea is discussed in Davidan et al. (2006) . Results on numerical predictions of extreme wave conditions with focus on storms hitting the area of interest are presented, for instance in Rusu et al. (2006) . Furthermore, analysis of wave climate and assessment of wave energy potential of the western Black Sea is proposed in Rusu (2009) . In order to round off the regional literary review, which does not claim to be exhaustive, several local publications describe imminent storms that occurred in the late 1970s and their impact on the coastal environment and defense (e.g. Vassilev, 1980; Stakev, 1980) . Storm surges and wave action may affect significantly the coastal environment, especially in terms of erosion and sediment transport patterns (Duffy and Devoy, 1999; Cooper et al., 2004) . Therefore, an important aspect of changes in the storminess is the impact on the erosion and related coastal vulnerability. Extreme storms can provoke disastrous consequences such as dune destruction (Ferreira et al., 2009) , sediment transport beyond the surf zone to unusual depth (Budillon et al., 2006) , or burial of benthic biota (Steward et al., 2006) . It is reported that changes in storm induced wave action could alter the rates of sediment dynamics and resilience of coastal systems (Regnauld et al., 1999; Sánchez-Arcilla et al., 2000; Lozano et al., 2004) . However, this key issue is not in the focus of the present study. Detailed analysis of morphological impact of the storms in the western Black Sea can be found in Trifonova et al. (2012) .
Nat
Another important point in the recent studies on storminess worldwide is the relationship between cyclone activity and the major modes of interannual-to-interdecadal weather and climate variability. The dominant mode affecting midlatitudes is the North Atlantic Oscillation (NAO), which has a particular influence on meteorological and hydrological characteristics of the European-Atlantic region during the cold half of the year (Hurrell and van Loon, 1997; Jeffrey, 1997; Polonsky et al., 2004; Marshall et al., 2011) . According to the well-known mechanism, the NAO is responsible for intensification of zonal circulation and for the shift of the North Atlantic storm tracks. In the positive NAO phase, storm tracks shift to Northern Europe and anticyclonic activity prevails over Central and Southern Europe, and the Mediterranean, while in its negative phase the opposite situation takes place -most of the storm tracks displace to Eastern Europe and the Mediterranean and more anticyclones occur over Northern Europe. Correspondingly, higher winter temperature and wet conditions are observed in the Northern and Central Europe, while over its southern part, including the Black Sea region, weather tends to be dryer and colder during the positive NAO phase (Polonsky et al., 2007) .
NAO influence on the interannual variability of cyclonic activity in the Black Sea region was also studied by Bardin et al. (2005) and Voskresenskaya and Maslova (2011) . It was found that extreme hydrometeorological phenomena in the Black Sea region such as stormy winds and waves, snowstorms and heavy rains usually coincide with the peaks of the interannual-to-interdecadal signal of the coupled oceanatmosphere system; represented not only by NAO but also by AMO (Atlantic Multidecadal Oscillation), ENSO (El Niño/Southern Oscillation) and PDO (Pacific Decadal Oscillation) indices.
The present study is based on several earlier studies on wave modeling and climate (e.g. Valchev et al., 2007 Valchev et al., , 2008 , but extends them in terms of both hindcast time-span and approach. The goal is to assess likely trends in storminess in the western Black Sea covering a substantial historical time period. The considered agents, whose trends are examined, include near-surface winds, storm wave heights and their energy. Additionally, their seasonal variability is linked to the NAO on the basis of recently published studies referring the Black Sea region.
2 Western Black Sea shelf: geographical setting and wind wave climate frame
The Black Sea is an elliptical semi-closed basin with quite complex orography (Fig. 1) . The area of the Black Sea shelf is about 24 % of the total basin area, and its outer edge can be traced along the 100-150 m depth contour. The western shelf slope is relatively smooth with clearly marked shoaling (Mishev et al., 1978) . Considerable seasonal variability is the most marked feature of wind and wave climate in the western Black Sea. Synoptic processes over the seas determine wind regimes, which are classified into several types, in a manner that a particular atmospheric pressure field over Europe corresponds to each wind field type (Sorkina, 1974; Trifonov and Trifonova, 1988) . Three of them are most relevant to the western Black Sea since they refer to the main directions of winds with the greatest probability of occurrence and velocity magnitude. In particular, during storm seasons, the most relevant configuration is determined by the mutual position, displacement and resulting interactions between the Mediterranean cyclones and the Eastern European (Siberian) anticyclone.
In the western Black Sea, the most intense and frequent winds directed onshore are those from NE, E and SE. Having the largest fetch, they trigger the severest storms. Winds from the NE prevail in the northern and central sections of the shelf zone, while the impact of eastern winds increases southward. Usually, southeast winds are less significant in terms of intensity but are still of importance in particular for the northern shelf portion .
Following the wind pattern, waves propagate most frequently from E, NE and SE. The east waves are predominant within the entire shelf zone, ranging between 30 % and 40 % probability of occurrence. The fraction of northeastern waves remains nearly constant (∼30 %), except for the most northern portion due to sheltering effect of the cape Kaliakra. The northeastern waves affect mostly the central and southern part of the shelf. On the contrary, the importance of the southeastern waves augments northward: their probability of occurrence increases from 5 % in the southern portion to more than 10 % in the northern .
Data and methods
Wave measurements covering large areas in extreme conditions are difficult to be performed, therefore, sufficiently large datasets are rare for specific basins such as Black Sea. As mentioned in the introduction, such hold-back can be overcome by numerical hindcast. This approach allows wave conditions, which occurred as far in the past as possible, to be calculated on the basis of continuous meteorological forcing. The main advantages of global reanalysis data are their physical consistency and relatively high temporal coverage. The problem of inhomogeneity is not expected; although, the use of these data for regional climate studies presents some limitations due to their coarse spatial resolution (WASA Group, 1998) .
In this paper, hindcast model results were used to create a population of storms and to estimate properties describing the storminess (proxies), which were then analysed to identify likely trends. The use of model results solely allows direct analysis of storm characteristics that otherwise would only be possible after assessment of consistency of different sets of measured data or their possible combination with model data.
Modelling approach
Due to absence of regular long-term measurements of wind and wave conditions in the western Black Sea, the analysis of storm climate is based on continuous hindcast data series spanning 63 yr . The global sea level pressure reanalysis carried out by the European Centre for Medium-range Weather Forecast (Uppala et al., 2005) and complemented by the NCEP/NCAR (Kalnay et al., 1996) was used in order to calculate the historical wind forcing for wave models. This was done by means of an atmosphericocean interaction model described in Lavrenov (1998) . Since global fields have rather coarse resolution (2.5 • spatial and 6 h temporal), they were downscaled to the Black Sea domain. As a result, the obtained hourly gridded wind fields have 0.5 • resolution.
Wave conditions were modelled using a coupled system of third generation spectral wave models. The WAM model (Günther et al., 1992) was run on a regular spherical grid, covering the entire Black Sea basin at 0.5 • spatial resolution. The deep-water settings were applied with source and propagation time steps set to 10 min and 20 min, respectively.
The SWAN Cycle III model, version 40.72 (SWAN Team, 2008) , was set up for wave simulations in the western shelf zone. It is nested to WAM as its output provides conditions in terms of significant wave height, mean wave period, and mean direction of wave propagation on a number of points along the external boundary. SWAN is a numerical model that provides realistic estimates of wave parameters (Booij et al., 1999) . The model is based on the wave action balance equation. The frequency space generated in the numerical simulations had 32 frequencies between 0.0521 Hz and 1 Hz and 36 directional bands. The model domain covers the area between 27.5 • E -28.5 • E and 41.4 • N -43.4 • N with a grid spacing of 1/30 • that results in about 1000 output sea grid points. Model grids are shown in Fig. 1 . SWAN model was run in non-stationary mode in monthly packets as the warmup period was set to five days of preceding month. The output of total sea, wind sea and swell parameters were obtained hourly. Only total sea data were considered for analysis of trends.
Results of WAM validation can be found in Valchev et al. (2004) and Cherneva et al. (2008) , whilst validation of SWAN is presented in Valchev et al. (2007 Valchev et al. ( , 2008 . Models' validation showed good agreement between the hindcast model results and observations taken at several offshore measuring platforms.
Logically, storm conditions at the coast are much more important in determining the coastline response to likely change in forcing agents' intensity than the offshore conditions. However, in order to identify the common trend in storminess, it is preferable to choose a location where the signal is not distorted by the influence of specific local geomorphic setting. Therefore, for the purposes of the present study, a continuous hourly time series of wind (velocity and mean direction) and wave (significant height and mean direction of propagation) parameters were extracted for a location in the central part of the shelf but at the same time not too far from the coast at depth of about 70 m (Fig. 1) . It is representative in relation to all important wind directions, for which the fetch length is more than 500 km.
Storm population
Identification of a population of storm events is assumed to be the main issue. For the purpose of the study, we created a storm population out of the available data as, for example, in Berek et al. (2000) . In a previous study, Valchev and Trifonova (2009) , using a similar dataset, set a threshold that allows all events having morphological impact on the coast to form a population. However, if we had followed the same approach, way too many events would have been taken into consideration, which might have affected the analysis of the extreme storms' pattern. Therefore, we adopted another set of criteria allowing separation of events with low probability of occurrence, and at the same time, keeping the information on their pattern.
Herein, the identification of storms was based primarily on wind data. Only winds within directional segment 0 ÷ 180 • were considered since they are directed shoreward, and hence, potentially result in heavy seas. Two criteria for storm identification were set up. The first one corresponds to 75 %-iles of wind velocity and significant wave height. Results of calculation of studied dataset's monthly 75 %-iles are presented in Fig. 2 . Average of 75 %-iles of wind velocity and significant wave height for a storm season duration (roughly October -March) is about 10 m s −1 and 1.6 m, respectively. Therefore, these values are considered as storm limiters. It should be mentioned that due to storm development and decay patterns they were not applied jointly: most often the wind limiter was applied to the development phase while the wave one -to the decay phase. Nevertheless, application of these limiters did not result in a considerable reduction of the number of storms; still quite an amount of events with widely varying duration -from tens of hours to ten days -fell within the limits. Hence, the identification of a suitable storm population implied introduction of a second threshold.
In Belberov et al. (1992) storms are considered only those events in the course of which wind velocity exceeds 15 m s −1 for at least three standard synoptic terms (18 h). Similar threshold was set by Lozano et al. (2004) while studying storm tracks along the Atlantic margin of Europe. We adopted that assumption by introducing a second criterion, which is that wind velocity has to exceed 15 m s −1 for a period of time ≥24 h. The duration was modified with respect to Belberov et al. (1992) , since according to the World Meteorological Organisation wave forecasting guide (WMO, 1998) this is the time needed for this particular wind regime to become quasi-stationary. Further, this implies that the fetch length has to be at least 500 km and deep-water significant wave height -of the order of 5 m. As mentioned above the former is valid for the central part of the western shelf, while the latter is considered as "add-on" to the second threshold, so that: (1) if duration of an interval with wind velocity greater than 15 m s −1 was somewhat less than 24 h but wave height exceeded 5 m, then the storm was included in the population; and (2) if the duration of that interval was about 24 h but wave height did not exceed 5 m, then the storm was discarded. The latter case represents negligible part (about 3-4 %) of all events.
In general, the described set of criteria represents the necessary and sufficient conditions for a storm to become part of the population. In particular, the second threshold was also assumed to define the duration of the second storm phasethat is the developed sea. According to data during this phase the wave growth/decay rate was observed to be less than 10-30 cm per hour, depending on the storm intensity. In that manner, besides the storm as a whole, the adopted methodology allowed catching variability of its phases as well, thus making it possible to trace likely changes of the storm pattern. Accordingly, available model wind and wave data were threshold leveled to differentiate storms and their phases. Finally, 160 storms were selected from the 63-yr period, which makes less than three events per season on the average. The monthly distribution of these storms is presented in Fig. 3 . The stormiest months appear to be January, February and December closely followed by March. The number of severe storms in November and October are 3 to 9 times less, respectively. Hence, a storm season is assumed to last from October to March. Therefore, in this study we consider storm seasons rather than calendar years. Thus, a misinterpretation of the overall storm season intensity is avoided. It should be mentioned that two of the selected storms occurred in April. Although, out of predefined storm season span these spring events were added to the storm population because of their particular intensity.
Storminess proxies
Different wind and wave characteristics are usually used to quantify storminess. In general, they refer to frequency, duration and intensity of storm properties such as wind velocity, wave height and wave energy, and are called storminess proxies. In order to reveal trends in past and more recent storminess in the western Black Sea, alterations in pattern of a number of proxies during a historical period of 63 storm seasons were analysed. These are number of storms, storm duration, and integral and mean storm wave energy, which were obtained for every storm season.
By integral storm wave energy, hereafter "wave energy", we consider a result of summation of estimated deep-water wave energy hourly values over the storm duration, E [J m −2 ], while mean wave energy is the integral energy divided by the storm duration in hours,
(1)
where ρ = water density, g = acceleration due to gravity, H s = significant wave height, N = number of stormy hours. These two properties do not represent wave energy density explicitly but have the meaning of energy indices. Total and average of the above proxies were calculated. By total we assume the sum of mentioned proxies' values for all storms for a given season, while average is the total divided by the number of storms occurred in the same season. The average accounts for the storm pattern in particular, whereas the total -accounts for the overall storm intensity for a given season. Described calculations were done not only for storms as a whole but also for each of the three storm phases (growth, developed sea and decay).
Another proxy introduced in this study is specific storm wave energy (E spf ). It represents the ratio between the mean wave energy and the storm duration for each season. This proxy gives a notion about the rate of change of mean storm energy per unit of time in the course of the event, regardless of the actual storm duration. In addition, other proxies like maximum and mean wind velocity and significant wave height, as well as, mean wind and wave direction were studied in order to detect possible changes in the storm pattern.
In order to isolate the high-frequency signal, a low-pass filter (LPF) was applied to the proxies' seasonal time series. Linear trends with their rate of change per decade, as well as, their coefficients of determination R 2 were also calculated.
Results
In this section nine proxies' trends were examined. Overall linear trend suggests decrease in the number of storms (Fig. 4) . However, a more detailed analysis reveals existence of three well marked sub-periods with somewhat uniform number of storms divided by spans of relatively calm storm conditions : until 1964, 1968-1989 and since 1993 . During the first sub-period the total number of storms was 42 with 2.5 storms per season on the average; during the second one those were 67 with about 3.2 storms, respectively; and for the last sub-period data indicate 40 storms with about 2.3 storms per season on the average (Fig. 4) . The above mentioned time-spans of lower storm occurrence extended for 4 seasons each -1964-1967 and 1989-1992 - with only 1-2 storms in each. While the first two stormy sub-periods were relatively dense and uniform with respect to the storm amount, the third one was quite varied with very well pronounced decreasing trend -from 6 to 1 storm per season. Actually, there were two seasons, 2006-2007 and 2008-2009 , with no storms to satisfy the adopted criteria at all. These observations suggest no homogeneous negative trend in the storm amount over the studied period but rather increasing trend from the beginning of the period until the mid 1990s and opposite trend afterwards. In addition, the latter one is fifteen times more significant that the former (Fig. 4) .
During the first sub-period, particularly stormy seasons were 1948-1949, 1957-1958 and 1962-1963 with 4 storms per season, while during the second one these were [1968] [1969] [1980] [1981] with 6 storms in each, but also 1971-1972, 1981-1982, 1983-1984, 1986-1987 with 4 storms. The third sub-period is described by an intense start of 4 storm seasons among which the stormiest were 1994-1995 season (6 storms) and 1997-1998 (5 storms). The second peak is marked by 2002-2003 season with 4 storms. After that a sharp fall was observed -the cause for the significant downward trend.
However, the number of storms could be misleading as it does not account for the actual storm duration and incident storm wave energy. Information on extreme values of those proxies is shown in Tables 1 and 2 , revealing which were the most energetic seasons.
Roughly, values of the average wave energy are somewhat higher in the second half of the studied period, while those of the total -in the first half. It is confirmed that 1968-1969 and 1980-1981 were the stormiest seasons (in particular in terms of total proxies: 760 and 597 stormy hours, and wave energy 11 and 8.1 × 10 −6 J m −2 , respectively). The second half of the 1970s emerged as very stormy and first half of the 1990s as well.
Actually, during 1976-1979 had occurred few of the most severe storms for 1948-2010, which appeared to be the most cited in the local scientific and grey literature (Andreeva et al., 2011) . They damaged considerably the environment and engineering structures along the coast (Stakev, 1980; Trifonova et al., 2012) . Storms from the beginning of the 1990s are under-studied although they marked the latest leap of storminess. Current dataset shows that the most severe was the storm of January 1981 with absolute maximum of significant wave height 10.97 m and wind velocity 27.6 m s −1 ; followed by the catastrophic storm of January 1977 and the one of December 1991. The ten most severe storms that occurred during 1948-2010 and their properties are listed in Table 3 .
It was estimated that storm duration varies between 56 h (∼2.3 days) and 151 h (∼6.3 days) as the average duration is 95 h (∼4 days). Extreme storms have quite short growth phase, the phase of the full development is more substantial while the decay time is the longest. On the average its duration is 61 h and is longer than both the first and the second phases put together, which last 18 and 41 h, respectively. Hence, the typical storm pattern is characterized with fast growth, rather durable energetic development phase and relatively prolonged decay.
Coming back to the seasonal data series, we noticed that the average storm duration and wave energy exhibit the same local trends (Fig. 5) as observed for the storm number: increase until the mid 1990s and a sharper decrease afterwards. In contrast to the storm number, however, the overall trend is positive.
This finding agrees with the WASA conclusion that there was a positive trend in the storminess from the 1960s to the 1990s and storms' intensity afterwards is comparable to that of the early twentieth century (WASA, 1998) . Presence of both upward and downward trends in the storminess during the past century, with return to average calm conditions, is detected by Weisse and Günther (2007) and Matulla et al. (2008) as well.
On the other hand, the total storm duration and wave energy, while exhibiting important changes over the period, show no statistically significant overall trend (Fig. 6) . The three sub-periods are still well discernable having similarity to the average proxies' relative intensity. However, when examining the LPF approximation, a stepwise decreasing trend becomes evident within each sub-period. It is observed that generally every sub-period consists of three time-spans of 7 to 9 yr of duration, as each succeeding local maximum gradually decreases toward the end of the sub-period. These maxima coincide with very cold winters in eastern Bulgaria (Tishkov, 1991) . The first maximum in the sub-period that stretched up to 1964, which is not present in the dataset, was presumably the largest. It probably corresponds to the winter of 1942, which was reported to be the coldest one during 1899-1988. In case that this assumption is plausible, another time-span of low storminess could be expected in the next decade. Such hypothesis could explain the drop in storm intensity at the end of the studied period. However, the magnitude of the drop is larger than could be expected, and suggests occurrence of either climate disturbance or variability on time scale larger than the time-span of the available dataset. It should be mentioned that exceptionally severe winter storms were likely to happen during the climatic cooling phase known as Little Ice Age, which occurred from the middle of the 15th century to the 19th century (Lamb, 1979; Budillon et al., 2006) .
According to the total proxies, the largest amount of wave energy was observed during the second half of the 1960s and in the 1980s. The result supports to a certain extent the conclusion about the average proxies, in particular the growth of storm intensity in the first half of the studied period.
Additionally, the variability of storm intensity is assessed in terms of the average maximum and average mean calculated over the most energetic part of the storm wind velocity and significant wave height. These data show a trend of gradual increase without any considerable falls, which is obvious for the wind velocity series in particular (Fig. 7a, b) . There is a difference between maximum and mean wave height series' trends, though: if not well pronounced increase, the former suggests at least a steady upward trend (Fig. 7c) , while the latter demonstrates rather a decrease after the 1970s (Fig. 7d) . This result is consistent with the global total wave energy trend.
As for the mean storm wave energy, again a positive trend is observed (Fig. 8 ) similar to that of the wave height (Fig. 7) . The figure depicts average mean energy of the storm as a whole and only of the most energetic second phase. No significant distinction between trends can be detected except for the storms' second phase appears to be more important.
The results shown in Figs. 7-8 are very similar, but representing the storminess by the mean wave energy rather than mean wave height makes the contribution of severe storms more explicit. 
Discussion
Proxies described in the previous section do not assert a significant trend in storminess. Although, both upward and downward trends were detected none of them appear to be steady. This is probably due to the dominance of short-term fluctuations over any potential longer-term signal. Several studies (e.g. Schmith, 1995; WASA Group, 1998; Weisse et al., 2005; Lozano et al., 2004; Matulla et al., 2008) found that significant alterations on a quasi-decadal timescale were present in Europe's cyclonic activity and associated storm climate. In order to check the validity of this statement for the western Black Sea, spectral analysis of the total and average proxies' seasonal series was performed. Results for storm duration, integral and mean wave energy are presented in Fig. 9 . Normalized spectral density of each proxy was obtained by its division by the corresponding mean. It can be seen that the total proxies' absolute spectral density maximum is observed for 8.9 yr time period. This maximum for the average proxies is shifted towards the shorter period of 7.8 yr, which is however only a local one. The absolute maximum of the average proxies' spectral density appears at much shorter time periods, that is 2.1-2.6 yr. Both series have well pronounced local maxima at 4.4 yr. Clearly, the considered period is not sufficiently long to detect a larger scale signal. Thus, the predominant time scale of proxies' variations is quasi-decadal. The result complies with overall European tendency.
Furthermore, it seems that the observed storm proxies' long-term behavior is rather contradictory. The decrease in duration and subsequently in the total amount of wave energy is evident but, on the other hand, there is a slight positive trend in the average proxies (at least until the last decade of the 20th century) particularly visible in the mean wind velocity and mean wave energy seasonal series. Is it possible for such a complex situation to result from a change in the storm pattern due to a shift in prevailing direction of wind action? To answer this question we examined average wind direction in each storm phase. Results are shown in Fig. 10 .
Evidently, a steady trend for gradual shift of wind direction northward was found in each of the storm phases. The direction during the growth changed from ESE to ENE, during the developed sea -from E to NE, and during the decay -from NE to NNE and even to sheer north.
In agreement with this tendency, it was found that during the latest decades more heavy seas propagating from northeast occurred in comparison with the beginning of the period (Fig. 11) . This phenomenon can be explained with refraction, which wave field starts experiencing earlier in the course of a storm due to the more rapid shift of wind direction.
The described process should have given reflection on the storm phases' duration and their wave energy. In fact, detailed examination revealed that the extreme storm pattern had altered. Whereas the duration of the first and the second phase has undergone weak long-term changes in generalalmost no change for the growth (Fig. 12 a) and slight increase for the developed sea (Fig. 12 b) are observed -the negative trend for the decay phase duration has been quite important (Fig. 12 c) . This is markedly valid after the 1980s. The same trends but for the wave energy are even more pronounced ( Fig. 12 e, f) .
It is ascertained that rapidly decaying storms occurred more often during the second half of the studied period, which explains the augmentation of the average integral and mean storm wave energy in statistical sense (Fig. 8) . Moreover, even if the duration had decreased as a whole, the intensity of the storms' most energetic part remained high.
The above finding was corroborated by the long-term behavior of the last proxy to be discussed in this paper, namely specific storm energy. The variability of E spf is presented in Fig. 13 and shows a well defined positive trend. It implies that the storm wave energy augmented throughout the studied period, mainly due to the combined effect of shortened storm duration and increase of the wave energy of the second storm phase. Results are similar to those obtained for instance by Dolan et al. (1989) who analysed all storms considered as damaging for the coastal areas in the western Atlantic, and discovered shortening of the average storm duration, possibly due to a shift of the mean winter storm track to more northern latitudes. Clearly, the cause for wind direction shift in the Black Sea should be sought in an analogous phenomenon.
An illustration of the storm pattern alteration is presented in Fig. 14 on the example of three of the most significant storms that occurred during 1948 -2010 : February 1955 , February 1976 and December 1996 . Thus, contemporary storms hitting the western Black Sea coasts do not seem to become less hazardous than those occurring in the middle of the studied period.
Finally, we will discuss our results in light of the NAO influence on the European and regional climate patterns. A negative correlation was found to exist between the NAO index and cyclones' characteristics in January-March, supporting the understanding for mechanism through which the NAO contributes to regulation of European climate anomalies, including the Mediterranean-Black Sea region (Polonsky et al., 2004) . Voskresenskaya and Maslova (2011) reported that for the Black Sea region, the correlation between the NAO index and frequency of cyclones is more significant with respect to their depth and area. According to the mentioned study, the NAO controls 28 % of the cyclone frequency and 15-20 % of their depth and area variability.
Winter cyclones in the Mediterranean-Black Sea region demonstrate pronounced decadal variability, which is out-ofphase with the NAO (Bardin and Polonsky, 2005; Lionello et al., 2006) . Moreover, in correlation with the low-frequency NAO mode, a decrease in the cyclonic activity in the region since the late 1960s was traced on a several decades timescale (Polonsky, 2004) . This finding is in agreement with the decrease in the number of storms indicated in the present study, as well as, with results reported by Lozano et al. (2004) for the Atlantic margin of Europe.
The effect of the sea surface temperature (SST) on the intensity of mid-latitude cyclones was demonstrated, for instance by Enfield and Mestas-Nuñez (1999) and Giordani and Caniaux (2001) . The climatic signal related to the SST anomaly over the North Atlantic and an analogue of the multidecadal NAO mode is the AMO. Similarly to the NAO, it is characterized by a shift of the North Atlantic storm tracks but with the opposite sign (e.g. Polonsky, 2011) . During the positive NAO phase the Icelandic Low and Azores High are typically shifted to the northeast, while during the positive AMO phase -to the southwest. Associated trajectories of North Atlantic cyclones shift to Northern Europe or to Southern Europe and the Mediterranean-Black Sea region. According to a still unpublished study (Polonsky et al., 2012) , the influence of SST on characteristics of synoptic systems in the Mediterranean-Black Sea is detectable and can be associated with the AMO. An agreement is found between proxies' interdecadal variability examined in the present study and SST in the northeastern Black Sea (Polonsky et al., 2012) . More specifically, periods of increased storminess in the western Black Sea can be associated with a decrease of SST: 1950 SST: -1960 SST: , 1970 SST: -1980 SST: and 1985 SST: -1995 
Conclusions
The study investigated trends in the past and more recent storminess over the western Black Sea, thus complementing studies on the European storminess arriving at similar conclusions. Model hindcast database spanning 63 storm seasons was used to create a storm population and to estimate a number of average and total storminess proxies. Eleven proxies were obtained for each storm season and their long-term variability was carefully examined in order to reveal possible trends. While some trends suggest increase of storminess until the 1990s and sharp decrease afterwards, others indicate upward trend only until the 1980s and/or disclose rather complex interdecadal variability, which, however, do not affect considerably the overall trend. In general, none of the identified trends support an assertion of either significant increase or decrease in storminess. The decrease in duration and subsequently in the total amount of wave energy is apparent, but on the other hand, there is a positive trend in the average proxies that is particularly valid for the mean wind velocity and mean wave energy seasonal series. However, the most recent years are characterized by a return to average or even calm conditions. Proxies' interannual-to-interdecadal variability was found to correlate with the phases of the NAO and AMO indices.
Results showed a shortening of the average duration of storms. This could be attributed mainly to curtail of the decay storm phase possibly due to a shift of prevailing direction of storm forcing winds to the north. Nevertheless, even if the total duration had diminished, the intensity of the storms' most energetic part remained high but yet growing. These circumstances cause a change in the storm pattern: rapidly decaying storms occurred more often during the second half of the studied period. This storm type still provides significant energy input in the coastal areas and is able of producing considerable damage.
Despite of the pronounced downward trend after the 1990s, there are no incontestable proofs for a marked reduction in the storm intensity. Hence, lessening of vulnerability to storms in the western Black Sea is unlike. This means the society should take into consideration such far-reaching implications while planning strategies for coastal development and disaster mitigation activities.
